The emergence of electrical and chemical micro-propulsion systems as a viable option for small satellite control has made it necessary to develop the capability to accurately measure thrust between 0.1 mN and 1 mN. Although various calibration techniques have been used for this thrust range, they can be prone to uncertainty due to friction, hysteresis, and other factors associated with thermal and mechanical influences. To reduce these effects, this study presents a calibration method in which an electrostatic voltage is used to charge a set of fins to generate a small, controlled force through the principle of electrostatic attraction. A theoretical framework is presented and computer modeling is done to demonstrate the fin's predictable behavior through a range of applied potentials and separation distance. The results of the models are compared to experiments in which the force exerted by the fins is equilibrated by calibrated weights in a mass-balance system, resulting in a force-voltage calibration curve. The theory and computer modeling correctly predict the trend seen in the experimental results, but since the theory and modeling do not account for physical imperfections and other non-ideal conditions, the experimental results differ by, at worst, 13%. The calibration method introduced yields confident results for force levels between 0.029 mN and 0.794 mN with a resolution of 0.01 mN or better.
I. Introduction
Micro-propulsion has received growing interest in recent years for its use in the control of micro-satellites whose mass varies between 10 kg -100 kg. There are four main types of micro-propulsion currently being pursued each of which operate in a different thrust range: electro-thermal thrusters produce thrust under 5 mN, electromagnetic thrusters between 0.03 mN -2 mN, electrostatic thrusters between 0.001 mN -20 mN, and microchemical thrusters between 1 µN -5 N 1 . Of particular interest to this study is the radio frequency (RF) plasma thruster 1 , which is classified as an electro-thermal micro-thruster. In order to pursue research into this class of thrusters, a reliable method for measuring forces on the order of 0.01 mN to 1 mN is desired.
Conventional methods for measuring thrust in electric propulsion include the use of a hanging pendulum, an inverted pendulum, or a torsional balance. Thrust stands on this scale are commonly calibrated by hanging weights off a pendulum with a pulley, and with this method Polzin et al. 2 develop a hanging-pendulum thrust stand capable of measuring forces between 1 mN and 1 N with a resolution of 0.05 mN. Other calibration systems, such as the inverted-pendulum thrust stand developed by Biagioni et al. 3 , are typically capable of resolutions around 0.5 mN. This test stand setup is acceptable for larger electric thrusters, but is unsatisfactory for an electro-thermal thruster. For the desired resolution of 0.01 mN to 1 mN, weight-pulley calibration introduces several uncontrollable factors which put a limit on the confidence of results. Most notably, friction within the pulley and the internal memory of the string can lead to hysteresis, mechanical influences, and other unquantifiable effects. Consequently, a calibration system which does not involve direct contact is desirable. This paper investigates a thrust stand calibration technique which utilizes two charged conductors at a fixed potential difference to create an electrostatic attractive force, capable of resolving forces as small as 35 nN 4, 5 . Gamero-Castaño et al. 4 calibrate a torsional balance thrust stand by applying a voltage across two parallel disks that are approximately 12 mm in diameter and separated 1.56 mm. With an applied voltage varying between approximately 80 and 200 volts, Gamero-Castaño et al. achieve a force range of 10 µN -50 µN with a resolution of less than 1 µN. During thrust stand calibration, though, the moment arm will move and alter the separation distance between the electrodes. Furthermore, this change in separation distance will create an undesirable change in electrostatic force, limiting the confidence in calibration.
Operating on the same principle of charge attraction, the design of a micromechanical interdigitated capacitor, also known as a comb actuator, has a more advanced geometry that creates an electrostatic force that is independent of the separation gap under certain conditions 6 . Selden et al. 5 utilize this benefit to calibrate their torsional thrust stand using a macroscopic version of the interdigitated capacitor. In the setup, the actuator consists of two actuators, each with 1 x 1 x 12 mm combs, as shown in Fig. 1 . The comb actuator is capable of generating forces between 1 µN and 35 nN with an unspecified resolution, but is still inadequate for a milliNewton thrust stand. To further develop the use of interdigitated capacitors as a calibration technique, the focus of the present work is to design a electrostatic actuator capable of generating forces an order of magnitude larger than the work of Selden et al. and with a resolution more precise than what can be achieved using the conventional methods. The result is an electrostatic fin (ESF), a design similar to the comb actuator, but with an important distinction that the conductors are sized significantly larger at 1 x 10 x 9.5 mm, as shown in Fig 1. The purpose of this alteration is to generate larger forces than a similarly sized comb actuator while staying in a nominal applied voltage range between 0 -1000V. By increasing the size of the electrodes, the attractive force is expected to shift to a range between 0.01 mN and 1 mN, and by limiting the maximum applied voltage, arcing between the fins will not become a concern.
II. Electrostatic Fin Modeling

A. Theory
Electrostatic force devices have the advantages over traditional calibration techniques of requiring no physical contact with the thrust stand and the ability to apply a force that can vary continuously as a function of voltage. Gamero-Castaño 3 describes a parallel-plate calibration setup using a pair of circular electrodes whose attractive force is approximated by
where 0 is the permittivity of vacuum, V is the voltage difference, L is the distance between the plates, and A is the area of the electrodes. Eq. (1), however, does not account for the fringing effects of a finite-sized plate, and due to the 1/L 2 dependence, the attractive force is expected to change significantly as the separation distance changes during calibration on a thrust stand. Consequently, it is necessary to implement a way to accurately measure the distance between the plates which would further increase the cost and complication of the system. By contrast, in Johnson and Warne's analysis of a micromechanical comb acutator 6 , the local attractive force is
where c, d, and g are defined in Fig. 2 , and K is the complete elliptic integral of the first kind given by 
Assuming c, d, g « x 0 , the engagement distance the global fringing effects are characterized by
where x 0 is the overlap distance between the electrodes, also called the engagement distance, as depicted in Fig. 2 .
It is important to note that for the ESF, d~x 0 and thus Eq. (4) is not entirely valid. Continuing with no loss in generality, combining Eqs. (2), (3), and (4) gives an approximation for the total attractive force of the ESF,
where N is the total number of fins. Here the 1/x 0 relationship is evident, and in the limiting case x 0 » c + g, the attractive force of the ESF is independent of the engagement distance. This behavior is desirable for calibration on any thrust stand where deflection is expected. 
B. Computer Simulation
Maxwell 2D, Maxwell Student Version (SV) and Maxwell 3D by the Ansoft Corporation are electromagnetic field simulators that allow the user to define a model's geometry, material properties, and excitation in order to numerically solve the electric field distribution for static and transient problems. With the electric fields solved, the programs can then determine the force exerted on one another.
In Maxwell SV and Maxwell 3D, the ESF is drawn and dimensioned as accurately as possible. Using Maxwell SV's built-in library, the program assigns important material properties such as relative permittivity and conductivity. To mimic the experimental setup, the fins are designated as aluminum, the inserts as Teflon, and the surrounding medium as air, as depicted in Fig. 3 . The charged fin is assigned an excitation voltage from 0 -1000 V in 25 V increments and the resultant force is recorded. The same procedure is used for the simulation in Maxwell 3D whose electric field solution is similar to Maxwell SV, as compared in Fig. 4 . Since Maxwell SV assumes that the object is 1 meter in depth, the program overestimates the force, but once the result is scaled down the outcome agrees with Maxwell 3D within less than 0.3%. 
III. Experimental Setup
A. Electrostatic Fins
Each ESF is machined from standard aluminum and is encased in Teflon inserts to insulate the electric fields generated by the underlying aluminum base. The electrostatic calibration device consists of two interlaced electrostatic fin assemblies, each dimensioned as described in Fig. 1 . The charged ESF is connected to a high voltage power supply and has nine fins, while its counterpart ESF is grounded and has ten fins. The charged ESF is mounted to a 3-axis optical translation stage which fixes the position above the grounded ESF, controls alignment, and sets the initial engagement distance at 5.0 mm, as shown in Fig. 5 . This engagement distance is reset to 5.0 mm before each experimental trial and is used as a basis for comparison between experimental and theoretical results. Due to the proximity of the fins, the applied voltage is limited to a maximum of 1000 V in order to avoid arcing. 
B. Calibrated Weights
Eq. (6) gives a simple relation between force and mass.
where g is the acceleration of gravity. Calibrated weights are made from thin, copper wire and weighed on a scientific scale with a precision of +/-0.5 mg. The experiment requires that weights be sequentially loaded and unloaded, and since the electrostatic force in Eq. (5) increases quadratically, each subsequent weight must weigh more than the previous in order to ensure a reasonable increase in voltage. Table 1 lists the total applied mass as the number of weights is increased. Fig. 6 depicts a schematic of the balance beam setup where the attractive force generated by the ESF is equilibrated by the calibrated weights. Attachment points are drilled at one inch intervals on aluminum square tubing with an end-to-end length of 32 inches. The ESF is positioned 15 inches from the center of the beam, and the weights are hung from a hook 4.5 inches away from the center in the same direction. At equilibrium, a momentbalance gives the force exerted on the ESF as a function of the calibrated weights and the distances between the ESF and weight hook,
C. Balance Beam and Damper
where L w is the distance from the center of the beam to the weight hook, L ESF is the center-to-center distance of the ESF, and F w is given by Eq. (6). Table 2 shows the exerted force using the weights listed in Table 1 and the aforementioned lengths. Furthermore the setup is fitted with an oil-bath damper, mounted on an optical bench, and placed inside a vacuum chamber to minimize effects from air currents and mechanical vibrations. 
D. Procedure
Measurements in deflection are made with a linear variable differential transducer (LVDT) which is capable of resolving a displacement of one millionth of an inch. A multimeter reading of the LVDT gives an initial zero point position of the beam, and then one-by-one a wire-mass is loaded onto the weight rod causing the beam to deflect to a new equilibrium position. A low-ripple DC power supply charges the ESF, creating an attractive force, until the balance beam returns to its initial zero point, as determined by the LVDT. This procedure is repeated as additional weight is added and removed from the system. 5) is adequately small such that a change in x 0 will not drastically affect the attractive force generated by the ESF. Fig. 8 shows the average results of seven trials where force is sequentially loaded and unloaded at a nominal engagement distance off 5.0 mm. For forces greater than 0.029 mN, the percent difference between the loading and unloading values is less than 1.65%, and decreases as the applied force increases. With a force of 0.006 mN, the percent difference increases to 7.94% suggesting that our calibration test beam is not adequately sensitive to forces less than 0.029 mN. The calibration curve for the ESF is the average of the loading and unloading data. the same NV 2 dependence seen in Eq. (5) for x 0 » c + g. This discrepancy implies that the operating principle of an electrostatic comb and ESF is similar, but a more developed analytical theory is needed to fully model the behavior of an ESF.
IV. Results
Additionally, Fig. 9 shows a plot of the electrostatic force as determined by Maxwell SV. In the voltage range between 200 -1000 V, corresponding to a force between 0.029 mN and 0.794 mN, there is a percent error of less than 3.0% between the experimental and Maxwell SV results. At 95.1 V, corresponding to a force of 0.006 mN, there is an 8.8% error, reinforcing the inability to confidently generate forces less than 0.029 mN. A more accurate limit requires further experimenting. The fourth data set is a combination of Eq. (1) and Eq. (5) in efforts to accommodate macroscopic effects and in order to circumvent the required assumption in Eq. (5) where the width of the conductor must be smaller than the engagement distance .
The error bars, which are too small to be seen, are not shown in Fig. 8 but are tabulated in Table 2 . Resultantly, there is uncertainty in the voltage required to generate a force between the ESF. According to Eq. (8), this uncertainty in force varies quadratically and is shown in Fig. 10 . The resolution of the ESF is, approximately, 0.005 mN for voltages from 0 -500 V and 0.01 mN for voltages from 500 -1000 V. 
V. Conclusion
The electrostatic fin setup presented is an appropriate calibration method for thrust stands measuring forces in the 0.029 mN -0.794 mN range with a desired resolution of 0.01 mN or better. The use of an electrostatic calibration method reduces mechanical influences in a system which will consequently lead to higher certainty in thrust stand performance. Unlike a simple parallel-plate capacitor, though, the geometry of a fin is ideal since its electrostatic attractive force is relatively independent of the distance between electrodes. This behavior is beneficial in torsional, inverted pendulum, and hanging pendulum thrust stands where movement is correlated to thrust. Furthermore, if desired, the force range of an electrostatic fin can be further increased by adding more fins, applying a higher voltage potential, or further widening the fins. 
